Organic carbon is considered the major variable affecting the bioavailability of non-polar, sediment-associated contaminants. Previously, variation in bioavailability for some Great Lakes sediments compared to a soil material was nearly a factor of 10after carbon normalization. Because a soil might not truly represent sedimentary materials, sediments and soils were gathered from several locations in the United States, Canada, and Finland. The accumulation kinetics of the amphipod Diporeia spp. were measured for pyrene, benzo[a]pyrene (BaP), 2,4,2',4'-tetrachlorobiphenyl (TCBP), and 2,4,5,2',4',5'-hexachlorobiphenyl (HCBP) sorbed to sediments and soils. The organic carbon content of the sediments ranged from 0.45-21.2% and 32.2-45.0% for soils. The bioavailability, measured as the uptake clearance (amount of source compartment cleared of contaminant per mass of organism per hour), was controlled by the amount of organic carbon, particularly for the chlorinated biphenyls. However, for polycyclic aromatic hydrocarbons (PAH), bioavailability was controlled more by the organic carbon polarity represented by the carbon/nitrogen ratio of the sediment. PAH bioavailability increased as the ratio increased; thus, the more nonpolar the organic matter, the more available the compound. This polarity did not account for any of the chlorinated biphenyl bioavailability. The amount and type of mineral matrix of the sediment did not influence the bioavailability for either compound class. In addition, the amount of oxygen in the sediment was correlated with the bioavailability for BaP after carbon normalization.
INTRODUCTION
The bioavailability of sediment-associated, nonpolar organic contaminants is reduced by increasing amounts of organic carbon in the sediment (Landrum and Robbins, 1990; Hamelink et al., 1994; .Normalization of the exposure to the organic carbon content of the sediment is proported to address the variability among exposures to sediment-associated contaminants and is the basis for development of sediment quality criteria (Di Toroet al., 1991) .However,the literature reveals two anomalies that suggest such normalizationis not fully adequateto explainall the variability in bioavailability among and within sediments. First, different classes of compounds, specifically chlorinated hydrocarbons such as polychlorinated *To whom correspondence should be addressed at: Tel: 313-741-2276 . Fax: 313-741-2055 email: landrum@gler1.noaa.gov. biphenyls (PCBs)and polycyclicaromatic hydrocarbons (PAHs), with similar log octanol:water partition coefficients (log~w) are differentially bioavailable to several benthic organisms when exposed in the same sediment Faust, 1991, 1994; Harkey et al., 1994a) . This variability is suggested to occur from both differentialpartitioning of the various contaminants among several types of sediment particles and, in some cases, differences are augmented by selective feeding (Pierard et al., 1996; Harkey et aI., 1994b; Landrum, 1995, 1996) . Second, although variance in bioavailabilityamong sediments is often reduced after carbon normalization, when the uptake rate coefficient is used as an indicator of bioavailability, the residual variance can reach approximately a factor of 10 (Landrum and Faust ,1994) . Similar estimates of variability among sediments after carbon normalization, based on calculationof biota sedimentaccumulationfactors (BSAF,organismconcentrationnormalizedfor lipid content divided by sediment concentration normalized for organic carbon), can also range a factor ten or more (Lake et al., 1990; Lee, 1992 ).
These two cited conditions suggest that factors other than the organic carbon content of the sediments contribute to differences in bioavailability. Two additional observations support this hypothesis. Selected PCB and PAR congeners partition differently among sediment particles; and neither class of compounds exhibits a constant ratio between the amount of organic matter in a particular size fraction and the compound concentration (Harkey et aI., 1994b; Kukkonen and Landrum ,1995; Evans et al., 1990; Umlauf and Bierl, 1987) . Thus, specific interactions may occur between the various organic matter components and the contaminants of interest. Differential sorption has also been demonstrated for these classes of compounds for different chemical fractions of dissolved organic matter (DOM) (Kukkonen et aI., 1990) . In this case, the chlorinated hydrocarbon representative, 2,2',5,5' -tetrachlorobiphenyl, and the PAR representative, benzo [a] pyrene (BaP), both sorbed to the hydrophobic fraction of the organic matter. BaP sorbed strongly to the hydrophobic acid fraction of the DOM, while the PCB congener had little sorption to that material but was strongly sorbed by the hydrophobic neutral fraction of DOM (Kukkonen et al., 1990) . Similarly, the binding CCl3 and benzene to organic matter decreases with the increasing polarity of the organic matter based on the ratio (0 + N)/C (Rutherford et aI., 1992) . The larger the ratio, the greater the number of functional groups on the organic matter and the more polar the natural organic matter. Additionally, for some marine sediments, the percent lipid (organic extractable residue) was found to increase with increasing C:N ratio (McGroddy and Farrington, 1995) . Because the sorption of non-polar compounds is, in general, proportional to the lipophilicity of the sorbent, increases in the C:N ratio could represent the relative binding capacity of the sediment.
We hypothesized that the bioavailability of non-polar, sediment-associated contaminants would depend not only on the amount of organic matter in the sediment but also on the type of organic matter and, potentially, on the mineral matrix to which the organic matter is attached. To test this hypothesis, the uptake clearance (amount of contaminant scavenged from the sediment per mass of organism per time) was measured for sediments dosed with selected PAR and PCB congeners. The characteristics of the sediments including the C, N, and 0 contents of whole sediment, sieved fractions, and extracted DOM, the mineral content of the sediment, and the distribution of the contaminants among the different particle sizes, were measured. The uptake clearance was then compared to the sediment characteristics to determine which factors may have affected the bioavailability.
MATERIAL AND METHODS

Compounds
Two PCB congeners, 14C-2,4,5,2',4',5'-hexachlorobiphenyl (HCBP,specificactivity 12.6mCi mmol-1)and 14C-3,4,3',4' -tetrachlorobiphenyl (TCBP, specific activity 37.1 mCi/mmole), and two PAR congeners, 3H-benzo(a)pyrene (BaP, specific activity 69 Ci mmol-1) and 3H-pyrene (PY, specific activity 37.1 Ci mmol-1), were obtained from Sigma Chemical Co., St. Louis, MO. The radiopurity of the compounds was determined using thin layer chromatography (TLC) in hexane:benzene (8:2, V:V) and liquid scintillation counting (LSC) (Landrum, 1988) . The radiopurity of each compound was >98% prior to use in the experiments.
Sediments
The sediments were obtained from a wide range of geographic sources intended to cover a wide range of potential composition (Figure la , b, Table 1 ). The sediments were shipped wet to the laboratory in polyethylene bottles and held at 4°C until use. All sediments were press sieved through a 1-mm sieve to remove any large debris.
The sediments were dosed as an aqueous slurry of sediment and Lake Michigan surface water by adding the compounds dropwise to the slurry (Landrum, 1989) . The compounds were added in an acetone carrier (0.08 -0.28-J.1.1acetone g-1 dry sediment). The compounds were added as 14Cand 3H labeled pairs to the sediments. The paired compounds were TCBP with PY and HCBP with BaP. After stirring at room temperature for 4 h, the sediments were returned to 4°C overnight to settle. The supernatant was decanted to remove most of the acetone carrier and fresh lake water was added. The sediments were again mixed with the lakewater and allowed to settle. Settling of particles was not complete for some sediments with overnight settling. The supernatant from these sediments was placed in tubes and centrifuged (2,000 g) for 30 min at 4°C. The supernatant was removed and the particles returned and remixed into the sediment along with fresh lake water. The sediments were then returned to 4°C and stored for 1-2 days prior to experimental use. Uptake kinetics After the storage time, the overlying water was decanted and the sedimentmixed for homogeneity.The sediments (20 g) were distributed to 100-mL beakers, 15 beakers per sediment.Samples (approximately3g) were taken at the beginning, middle, and end of this distribution for later analysis of compound concentrations and for measurement of total organic carbon. Fresh lake water was carefullyaddedto the beakers so the sedimentwould not be disturbed and the beakers were allowed to stand overnight at 4°C. Five Diporeia were added to each beaker and the beakers were sampled after4,7,14 and 28 days for each of the sediments. Exposures were performed for each of the two compound pairs of radiolabeled compounds in each sediment.
On each sampling day,three beakers were chosen for each sediment. The overlying water and any swimming Diporeia were removed. The remaining Diporeia were recovered by searching through the upper few millimeters of sediment with forceps. The Diporeia were placed in a small beaker containing lakewater to wash off any residual sediment. Diporeia were taken from the culture for lipid content at the beginning of the experiment and from experimental beakers on days 14 and 28. At each of the 2 days, 10 animals were taken randomly for lipid determination from among the various sediments. For this analysis, Diporeia were placed in preweighed tubes, dried, and their lipid content determined by microgravimetric analysis (Gardner et aI., 1985) .Tworeplicatesof Diporeiafrom each beakerwere prepared to determine contaminant concentration. At least one of the replicates contained three Diporeia, while the other replicate from each beaker contained either one or two animals, depending on whether organisms had been removed for lipid analysis. The Diporeia were blotted dry, weighed, and dispersed into 12 mL scintillation cocktail by sonicating for 60 s using a Tekmar Sonic Disrupter (Tekmar Co., Cincinnati, OR). A sediment sample, excluding Diporeia, was carefully taken for measurement of compound concentrations. A small sediment subsample (100 mg) was weighed into a scintillation vial and dispersed into 12 ml scintillation cocktail by sonication for 90 s. Another weighed sediment subsample was dried at 900c to determine the wet to dry weight ratio.
Sediment characteristics Sediment organic carbon (SOC) samples taken at the beginningandendof the experimentwere measuredusing the dried sediment from the wet-to-dry weight determinations.The dry sediment was subsequentlytreated with 1 N HCI to removethe carbonates,redried, and analyzed fororganiccarbonon a Perkin-Elmer2400CRN analyzer. Sediment particle-size distributionwas determinedby a modified sedimentation technique (Royce, 1970; Seibert, 1977) . Wet sediment (approximately 20 g) was firstwet-sievedusing filtered(O.3-JJ,m Gelman Sciences, glass fiber, type AlE) Lake Michigan water through 420-, 105-, and 63-JJ,m standard sieves. Materials remaining on the sieves were collected in beakers. Triplicate samples were taken for liquid scintillation counting (LSC) and the remainder was dried to constant weight at 900c for mass and SOC analyses. Material passing the 63-JJ,msievewas mixed with 1.0L of filtered Lake Michigan water in a graduated cylinder at room temperature. Samples (25 mL) from the sediment suspension were taken at 20-cm depth at 0, 120,240, and 600 s after mixing. After 1,200 and 4,600 s, water samples were taken at a depth of 10 cm. Sampling times and depths for settling of specific particle-size classes were calculated by Stoke's law using 2.6 g mL-1 as a specific gravity of the particles (Royce, 1970) . From each sample taken, three 2-mL aliquots were analyzed via LSC. The remainderof the sample (19 mL) was dried to constant weight at 90T for mass and SOC determinations. The sediments from Lake Erie, Georgian Bay and Lower 3 Runs, and the Florida soil (217g), had a significant amount of lightweight material that prevented the use of the settling technique to evaluate accurately particle-size distributions. Sufficient material was separated to permit mass distribution and C, H, N, and o analysis on the fine particles for all sediments. The sieving technique was necessary because the settling technique would not yield sufficient mass for the determination. After removing carbonates, these samples were analyzed using a Carlo Erba elemental analyzer (Model 1106).
Organic material was extracted from dried sediment samples using NaOH and HCI. A dry 1.5 g sediment sample (two or more replicates for the samples having low [< 1%] organic carbon content) was extracted using 6 mL of 0.5-M NaOH with sonication (Vibra cell 375; Sonics & Materials) for 10 min, and 24 h on a shaker. After shaking, the samples were centrifuged (4000 rpm 20 min.) and extract was removed. This procedure was repeated once with0.5-M HCI and, afteracid, threetimes with O.5-M NaOH. Dissolved inorganic ions were removed from the extracts by dialyzing against overflowing deionized water for 72 h in SpectraSpor@CE cellulose tubing (molecular weight cut-off 500; Spectrum, Houston, TX). After dialyzing, samples were freeze-dried and elemental composition(C, N, H, and 0) was measured with a Carlo Erba elemental analyzer (Model 1106). Analysis of the organic carbon at GLERL yielded essentially the same values for the sediments with the exception of Lower 3 Runs, where the GLERL measure gave C% as 21. 2 : Another aliquot of each sediment was sieved through a 63-f-Lmsieve and the fine material collected and dried for mineralogy. X-ray diffraction analysis was performed at The University of Michigan with a Phillips diffractometer utilizing scintillation detection, pulse height analyzer, copper radiation, graphite monochrometer and theta-compensating slits (D.R. Peacor, University of Michigan, Ann Arbor, MI). The diffractometer was controlled by a micro-computer. The traces were generated at a 10 26/min-1. The intensities of characteristic peaks for each mineral were measured by integrating the area under each peak by planimeter. The approximate 26 values are: dolomite 31, calcite 29.5, plagioclase 28, K-fe1dspar 27.5, quartz 21, illite and muscovite 9, and kaolinite and chlorite 12.5. The weight ratio between a given mineral and quartz was obtained from a calibration curve. The weight percent of each phase was calculated.
Data Analysis
The accumulation data were fit to a first-order accumulation model to estimate the uptake clearance, kg (g dry sediment g-l organism h-1) as a measure of bioavailability. Most of the exposures for BaP, HCBP, and TCBP were fit to a linear model that assumes that elimination is unimportant (Landrum et ai., 1992) . For PY, a twocompartment model was required because the assumption regarding elimination was inappropriate based on the shape of the uptake curve (Landrum et ai., 1992) . Both models assume that the concentration in the sediment remains constant. The data were fit by either linear regression for BaP, HCBP, and TCBP or non-linear curve fitting using the statistical package SystatTM (Wilkinson, 1984) . Means and slopes were compared using Students t-test. Relationships were considered significant if p<O.05.
RESULTS
Sediment characterization
The bulk sediment characteristics were wide ranging (Tables 1 and 2 ). These characteristics were determined both at Great Lakes Environmental Research Laboratory, Ann Arbor, MI (GLERL) and at the University of Joensuu, Joensuu, Finland. The two measures produced very comparable results except for Lower 3 Runs sediment, in which was a much lower carbon value was measured in Finland. However, when the sized fractionswere examined,the Finland measured carbon content was relatively constant and similar to the higher total organiccarbon content measuredat GLERL. The soils contained the highest organic carbon content of all the materials. The Lower 3 Runs sediment was very similar to the soils in organiccarbon content. Some of the sediments contained small plant fibers as a large portion of their organic carbon content. Among those were Hollow Creek, the soil samples, Lake Erie, and Pond 5 sediments. The mineralogy varied considerably among the various sediments, both in type and amount of the various minerals (Table3).
Analyses of the sediment fractions for C, N, and 0 also exhibited a wide range of characteristics (Table4). Distribution of C, N, and 0 among the different-sized particle fractions varied considerably and differed from the whole-sediment measures (Table 4) . Because Diporeia spp. are selective feeders (Harkey et ai., 1994b) , the characteristics of ingested particles can be considerably different from the characteristics inferred from bulk sediment.
Because Diporeia will presumably ingest the organic matter, which in turn is responsible for sorption of the organic contaminants, the relative bioavailability would vary with the composition of the organic matter. In the work of Rutherford et ai. (1992) , the character of the organicmatter was definedby the (O+N)/Cratio and partitioning to the organicmatter decreased with an increasing ratio. The larger the ratio, the greater the number of functional groups and the more polar the organicmatter. However, in the present study when the (O+N)/C ratio was calculated from measured values on whole sediments, the ratio greatly exceeded one due to very high measured oxygen contents (Table 1) . This finding suggests an oxygen source other than organicmatter and appears to come in part from the sediment clay content. Our control, kaolinite, yielded 16% oxygen. Thus, the ratio of (O+N)/C for bulk sediment or for the sized fractions cannot represent only the polarity of the sediment organic matter, nor can the polarity of the organic matter in sediments be directly evaluatedby the method of Rutherford et ai. (1992) . Instead, the polarity was determinedby the CIN ratio because N appeared to only come from the organic components of the sediment based on the low percent composition (Table 1 and 4) . The largerthis ratio, the smaller the numberof functional groups and the more nonpolar the organic matter.
In addition to characterizing the solid phase, the organic matter was extracted by traditional humic acid extraction procedures and characterized for C, H, N and o (Table 5 ). The polarity of these samples could be characterized as had Rutherford et ai. (1992) , because this materialwas obtainedby similar proceduresand presumably contained only organic matter after the dialysis treatment.
Differences in the particle composition among the particle-sizefractions resulted in differencesin contaminant distribution both among the fractions and among the sediments. For example, the relative distribution of pyrene and TCBP exhibited shifts in distribution among particle-sizefractions (Figure 2 ) that were size separated using the settling technique. These differences in contaminant distribution on both an absolute and relative basis are similar to previously observed differences among sediments (Harkey et ai., 1994b; Kukkonen and Landrum, 1996) . They are thought to contribute to the variance in the bioavailability of sediment-associated contaminants.However,because the contaminant distribution was not measured for all sediments by the same method, i.e., using the settling technique for fine fractions, and because the problem with the settling technique was not recognized prior to experimental
The number of replicate analyses is one unless otherwise indicated in parentheses.
ND =not determined, Zero =not detected. implementation, it was not possible to compare bioavailability among sediments by the relative contaminant distributions on a particle-size basis. However, the C, N, and 0 measurements were made on all sediments, fractionated using the sieving technique, so the influence of the character of the fractions, as well as the influence of extractable organic matter, on uptake clearance could be explored.
Bioavailability
The uptake kinetics exhibited substantial variation among the sediments for the different compounds. For some specific sediments (Lake Erie sediment and 217g soil)and compounds (BaP andpyrene) the kinetics could not be modeled. These kinetics data were scattered and exhibited neither a linear nor curvilinear pattern over time. The cause of the problem is unclear at this time, but both materials had high organic carbon and contained a substantial amount of small plant fibers (Table  6) . As a result, there are no data on the uptake for these two sediments with these two compounds. Surprisingly, the chlorinated biphenyl congeners were not affected.
On a bulk sediment basis, the uptake clearance (kJ, as a measure of bioavailability for the various compounds, varied by approximately a factor of 100 among the study sediments (Figure 3 ). There was a general decrease in~with increasing log~between pyrene and BaP and pyrene and TCBP. The HCBP exhibited a similar~to the BaP and TCBP. When the uptake clearance was normalized to the organic carbon content, the variation in bioavailability for each compound among the sediments was reduced to approximately a factor of 10 to 20 (Table 6 ). Thus, normalizing to the amount of organic carbon in the sediment accounts for a large amount of the variance in bioavailability.
The characteristics of each sediment were examined to attempt to account for the variation in bioavailability among them. It was expectedthat in addition to accounting for total organic carbon that accounting for other factors, such as the polarity of the carbon components or the inorganic matrix, affecting compound sorption to sediments, might lead to improvedunderstanding of the accumulation of contaminants from sediments. Linear regression analyses were performed with the characteristics of the sediments variableby variableto locatethose that might be introducing the most variation for each compound. Multiple variables were not incorporated into the regression analyses because the number of samples in each case was small, 10or less, and because using multiple variables would not be statistically appropriate with this small sample size. In no case was there a direct linear relationship between~and total organic carbon among the sediments (for example BaP, Figure 4 ). In general,~appeared to exhibit an exponential relationship between total organic carbon and uptake clearance. When log ks was correlated with the amount of organic carbon, significantnegative correlations were found for the two PCB congeners, but not for the PAH congeners (Table 7) . However,~for pyrene did exhibit a significant linearrelationshipwiththeamountof organiccarbon in both the 37-20-~m and 63-37-~m size fractions (Table7).These size-fractionswere previouslyshownto be important for accumulation by ingestion and contribute a substantialfraction ofbioavailable contaminant from sediment (Harkey et al., 1994b) . For the two chlorinated hydrocarbons, significant negative linear relationships between log~and the amount of carbon in the sediment were most important for describing the variation in the bioavailability.In addition to the relationships between the total organic carbon and log~, the two PCB congeners also exhibited significant log-linear relationships between the carbon contents for the 37-20-lJ.m and 63-37-lJ.m fractions ( Table 7) . The slopes of all the regressions for these relationships were statistically the same for each compound, which suggests that total organic carbon was the driving force (Table7). Features such as the polarity of the organic matter, as represented by the CIN ratio, did not seem to have any major influence on the bioavailability of the two PCB congeners. However, for the more hydrophobic HCBP, both the CIN ratio and the (O+N)/C ratio of the extractable dissolved organic matter yielded statistically significant relationships with kg. As expected, the increasing polarity of the organic matter yielded increasing bioavailability, as measured by (   Table 7 ). In addition, there was a statistically significant -'--:-- 1  -I   I   ,   I   I   ,   I ---correlation to the percent fines for~of HCBP. The negative slope of the correlation suggests that the greater the amount of fines, the more strongly bound and less bioavailable the HCBP. TCBP bioavailability was not well described by measures of polarity or by the fraction of fines; the only significant correlation was log ks with the (O+N)/C ratio of the extracted organic matter. This correlation hints at the possible role of polarity on bioavailability, but the correlation is not as strong as for the more hydrophobic HCBP.
For the two PAH congeners, the polarity of the carbon was the dominant feature describing the variation in bioavailability among the sediments. The C/N ratio for the 37-20-J.Lm and 63-37-J.Lm fractions were significantly positively correlated with~for both pyrene and BaP ( Table 7) . As the C/N ratio increases, the polarity of the organic matter is thought to decrease. Thus, the positive correlation between~and the C/N ratio suggests that the organisms ingest the more non-polar material containing contaminant.
For BaP, the carbon normalized uptake clearance <ksoc) was correlated with the oxygen content of the sediment (Table 7) . Precisely why such a correlation occurred is not clear. The oxygen comes from two potential sources within the sediment,the organicmatter and the clay.The organic matter may contain oxygen from the various functional groups on the molecules. Additionally, when the oxygen was measured for kalonite clay, 16%oxygen by weight was released. Whether this comes from the clay mineral or from water trapped in the clay is not known. Based on the values measured for the sediments, there was no apparent contributionto the bioavailability from the mineral content. Thus, the reasons for this correlation require further study. Correlations with measures of polarity for the extracted organic matter were found for both PAH congeners (Table 7) . For pyrene which is the least hydrophobic of the two congeners studied,the ks was strongly correlated with the (O+N)/C ratio and the carbon normalized uptake clearance~oc was strongly correlated to the C/N ratio. Thus, bioavailability as represented byĩ s greater when the polarity of the organic matter increases. Interestingly,when the bioavailability is normalized for the amountof organicmatter,bioavailability seems to be inversely related to the polarity of the organicmatter.These correlationsseem to contradict the observations based on the characterization of the solid phase organic matter. For BaP, the correlations werẽ aIe. has units of g dry sediment g-Iorganism h-I;k.ochas units of (g organic carbon g-Iorganism h-I bNM-data could not be modeled. eND-experiment not performed C =organic carbon content on dry weight basis in whole sediment or specified fraction.
CIN =ratio of the organic carbon content divided by the nitrogen content for whole sediment, the specified particle size fraction, or for the extracted organic matter (ext).
(O+N)/C =ratio of the oxygen content plus nitrogen content divided by the organic carbon content on a dry weight basis for the extracted organic matter (ext) weaker than those observed for the whole sediment polarity measures and were also opposite to the observed polarity response when solid phase organic matter was characterized (Table 7) . Only pyrene of the two studied PAH congeners exhibited a correlation with the percent fines, and the slope indicated that the greater the percent fines, the lower the bioavailability (Table 7) .
DISCUSSION
Sediment Characterization
It was clear from the study that methods other than settling techniques are going to be required to properly separate differentparticle-sizefractions among a variety of diverse sediments. In retrospect, this would seem to have been intuitively obvious, but the methods we followed came generally from the geology literature, where organicmatter is firstremovedbeforeparticle-size determinations are made. Further, our previous work demonstrated little problem with this technique (Kukkonen and Landrum, 1996) , probably because the sediments had relatively low amounts of organic matter, none of which was evident as plant fibers. Future work in this area should use gentle sieving techniques to perform the separations into particle-size classes to insure that all sediments can be treated in the same manner. Such separations will need to be performed gently to prevent disaggregation of organic matter and should be performed in water of similar quality to the collection site to avoid such disaggregations as can apparently occur in distilled water (Kukkonen and Landrum, 1996) . The organic matter on the solid phase was best characterized by use of the C/N ratio, with no apparent interference from spurious sources as was the case for oxygen. The C/N ratio has been used in other studies for organic matter characterization with some success (McGroddy and Farrington, 1995) . The use of the (O+N)/C ratio was not successful for solid phase characterization because of apparent oxygen contributionfrom some fraction of the inorganic matrix. The inorganic matrix was the assumed source of additional oxygen based on the oxygen measures with kalonite as the inorganic standard. While this ratio was apparently useful to characterize the variability for extracted organic matter, it is unclear whether the extracted organic matter represents all, or even a large portion, of the total organic matter. No attempt at mass balance was made. Comparing the C/N ratios calculated from the sediment data to those for the extracted organic matter (Table 1 and 5), shows that the extracted material has a higher nitrogen content in some cases.This might be due to differential extraction of organic matter or to instrument insensitivity to the very low nitrogen content «0.05%) in some sediments.
Because the inorganic matrix of the sediment might playa secondary role in bioavailability, an attempt was made to determine the character of the matrix. Because of cost considerations, the measures of the fraction of each of the components had to be on single samples. However,in an effortto obtain estimates of the variance, replicates were submitted blindly for some of the sediments. The method variation appears to be minimro.ly about 10% and can in many cases be 100%, where the component is in low abundance within the matrix. This variation may partially explain why the inorganic component of the sediment matrix did not appear to contribute to the bioavailability of the contaminants.
The variation in relative distribution among particlesize classes and between sediments for both organic carbon and contaminants has been observed for both laboratory-dosed sediments (Harkey et al., 1994; Landrum, 1994,1996) and for fieldcollected materials (Umlauf and Bierl, 1987; Evans et al., 1990; Pierard et al. 1996) . The magnitude of distribution difference among particle sizes relative to the organiccarbon content for laboratory-dosedsystems can be attributed to two possible sources. First, the compounds may not be completely at equilibriumamong the organic matter componentsbecause of the extentof contact time. The characterization of the sediments and of contaminant distribution were performed after the exposure of the organisms, so the compounds had been in contact with the sediment particles for at least one month, perhaps insufficient time to attain true equilibrium. A second possible explanation for differences in the distributions may be differencesin the binding character of the organic matter among the various particles. The C/N ratio varied among particle-size classes within a sediment, typically by about a factor of three and in some cases by as much as a factor of ten. Further, this change in polarity was not an apparent function of particle-size class. Such variation in polar character could easily influencethe partitioningandthus, the distribution on a carbon-relative basis similar to the findings of Rutherford et al. (1992) .Both of the abovefactors could have influenced the changes in distribution and it is not possible to determine the cause at this time. However, the character of the organic matter is presumed to dominate, because there was a lengthy equilibration before the distributions were determined. Bioavailability It is clear from Table 6 , that normalization of the uptake data by the organic carbon content does reduce the variability in the range ofbioavailability.However,the range still exceeded a factor of lOin most cases. Only for pyrene could the variability of the organic carbon normalized uptake clearance be accounted for by other characteristics of the sediment. The~oc was positively correlated to the CIN ratio for both the less than 20 /-Lm particles and for the extracted organic matter. This suggests that the residual variability in bioavailability increased with increasing polarity of the organic matter and in turn that ingestion of nonpolar organic matter in sediments contributes to pyrene accumulation.
Based on the characterizationof organicmatter for the solid phase, only the amount of organic carbon in the sediment was found to account for the variability in bioavailability of the PCB congeners. As previously observed (Landrum and Faust, 1994) , the relationship between the amount of organic matter and the apparent bioavailabilitywas log linear. Based on measures of the uptake clearance, after the amount of organic carbon exceeds about 1%, the influence of increasing organic matter seems to decline substantiallyfor these non-polar organic compounds. This probably occurs because, assuming a log~of 6 at even 1% organic carbon, essentially all the compound (99.99%) is bound to particles.
For these two PCB congeners,the slopesof the regression lines for~versus organic carbon content (C) are the same, whether the carbon is for the bulk sediment or for one of the smaller ingestable particle size fractions (Table 7 ). This suggests that partitioning to interstitial water and subsequent accumulation, rather than ingestion, may dominate the route of uptake for these compounds. This is not to imply that ingestion does not participate as a route for accumulation,but that the water route dominates, as was observed with a study of the assimilationefficiencyfor HCBP where the fraction that appears to come from ingestion is a maximum of approximately 50% . Similarly other kinetic studies have suggested that PCB congeners and other chlorinated hydrocarbonsare much more availablefrom sediments than are PAH congeners (Landrum and Faust, 1991; Harkey et al., 1994) . Thus, these kinetic studies would support the use of total organic carbon to account for differences in bioavailability.
For pyrene, the relationship between bioavailability and the amount of carbon appears to be linear, but the correlationsare only significantfor carbon concentration measured on ingestable-size fractions. Ingestion has been repeatedly shown or predicted as a dominant route of exposure for accumulation of PAH congeners (Landrum and Robbins; 1990; Kukkonen and Landrum, 1995) . While the correlations are significant, they account for only about 40% of the variabilityin the data and cannot be considered the exclusive factors affecting bioavailability.
One surprising result is the absence of correlation of bioavailabilityfor BaP with carbon in any size-fraction. In fact, the variability in uptake clearance as a measure of bioavailability for BaP is equally large whether carbon normalized or not. Because of the greater hydrophobicityofBaP, it wouldbe predictedthat organic carbon should be a more important factor affecting bioavailabilitythan for pyrene.The accumulationofBaP by Diporeia seems to be strongly dominated by the ingestion route (Landrum and Robbins, 1990; Landrum and Kukkonen, 1995) . The importance of ingestion would be consistent for Diporeia because it is an extremely selective feeder (Harkey et al., 1994) and because BaP appears to be more strongly sorbed to sediment particles than can be explained by hydrophobicity alone. This is consistent with studies of BaP bioaccumulation from sediments compared to chlorinated hydrocarbons of similar or greater hydrophobicity (Harkey et al., 1994a; Faust, 1990, 1994, this work). Thus, features of the sediments other than organic carbon alone must be dominant factors affecting BaP bioavailability.
From this work, the dominant factor accounting for differences in bioavailability of the PAH congeners appears to be the polarity of the organic matter in the sediments. This feature accounts for 85% of the variation in the accumulation ofBaP. Carbon-polaritymay be less dominant for pyrene, because of the lower hydrophobicity of pyrene compared to BaP. There may well be some point at which changes in characteristics of the compounds affect changes in the features that dominate bioavailability. This will need to be determined by examining more compounds with a wider range of characteristics.
CONCLUSIONS
In most cases, the amount of variability in bioavailability that could be accounted for was in the range of 50%. Only single variables were used in the regressions, which may have limited the accounting for variation; larger data sets would have allowed multiple regression. In addition, the short equilibration time before exposure could have minimized the interaction of contaminant and sediment, particularly for the less hydrophobic compounds, and thus reduced the influence of sediment characteristics on bioavailability. Additional equilibration time before exposure may be more realistic and provide a clearer data set. However, in general, the amount of organic carbon dominated bioavailability for PCB congeners while for the PAH congeners the amount of organic carbon is less important. Further, the polarity of the organic matter influenced the bioavailability of the PAH and dominated in the case ofBaP. Study of a wider range of sediments should help expand our understanding of the features controlling bioavailability of sediment-associated organic contaminants.
